The root system architecture (RSA) of a crop has a profound effect on the uptake of nutrients 37 and consequently the potential yield. However, little is known about the genetic basis of RSA 38 and resource dependent response in wheat (Triticum aestivum L.). Here, a high-throughput 39 hydroponic root phenotyping system was used to identify N-dependent root traits in a wheat 40 mapping population. Using quantitative trait locus (QTL) analysis, a total of 55 QTLs were 41 discovered for seedling root traits across two N treatments, 25 of which were N-dependent. 42
greatly dependent on synthetic N fertilisers for enhancing productivity. Global demand for 61 fertilisers is projected to rise by 1.5% each year reaching 201.7 million tonnes in 2020, over 62 half of which is for nitrate fertilizers (118.8 million tonnes) (FAO, 2017) . However, there are 63 compelling economic and environmental reasons to reduce N fertiliser use in agriculture, 64 particularly as the N fixing process is reliant on unsustainable fossil fuels (Dawson et al., 65 2008) . 66
Quantitative trait locus mapping 125
Detection of QTL was conducted using the R Statistics package "R/qtl" (Broman et al., 126 2003) . The map used was a high-density Savannah × Rialto iSelect map obtained from Wang 127 et al. (2013) with redundant and closer than 0.5 cM markers stripped out. Before data 128 processing, the best linear unbiased estimates (BLUEs) or best linear unbiased predictions 129 (BLUPs) were calculated for the traits if necessary. QTL were identified based on the 130 extended Haley-Knott algorithm (Haley & Knott, 1992) . The threshold logarithm of the odds 131 (LOD) scores were calculated by 1000 × permutation test at p < 0.05 level (Churchill & 132 Doerge, 1994) . The threshold for declaring presence of a QTL was a LOD score of 2.0. The 133 annotated linkage map was generated using R Statistics package "LinkageMapView" 134 (Ouellette et al., 2018) . 135
RNA-sequencing of candidate QTL 136
RNA-seq was used to identify underlying genes for a candidate QTL with expression levels 137 changed by N treatment. For the candidate QTL two pooled root samples were immediately 138 frozen after collection using liquid nitrogen and stored at -80°C. Each pool was made up 139 from four individual lines (3 plants per line), one pool was comprised of lines that had the 140 candidate QTL (Group A) and the second pool did not have the QTL (Group B). The lines 141
were selected based on largest phenotypic differences for trait associated with candidate 142 QTL. 500-1000 mg of frozen root tissue was homogenised using a pestle and mortar with 143 liquid nitrogen. The homogenised tissue powder was then transferred to a 2 mL 144 microcentrifuge tube and 1 mL of TRIzol© reagent added. The sample was homogenised and 145 incubated at room temperature for 5 minutes to permit complete dissociation of the 146 nucleoprotein complex. 200 μ L of chloroform was added and the tube shaken vigorously for 147 15 seconds for phase separation. The tube was then incubated for 2-3 minutes at room 148 temperature before centrifuged at 13000 × g at 4°C for 5 minutes. After centrifugation, 500 149 (Clavijo et al., 2017) . Raw sequencing reads were trimmed for adapter sequence 160 and for regions where the average quality per base dropped below 15 (Trimmomatic version 161 0.32) (Bolger et al., 2014) . After trimming, reads below 40 bp were eliminated from the 162 dataset. Trimmed reads were aligned to the reference sequences assembly using splice-aware 163 aligner HISAT2 (Pertea et al., 2016) . Uniquely mapped reads were selected, and duplicate 164 reads filtered out. Unmapped reads across all samples were assembled into transcripts using 165
MaSuRCA software and sequences 250 bp or larger taken forward (Zimin et al., 2013) . 166
Unmapped reads were re-aligned to these assembled transcripts individually and added to 167 their sample specific reads while the assembled transcripts were combined with the reference 168 sequence and GTF annotation for downstream investigations. StringTie software was used to 169 calculate gene and transcript abundances for each sample across the analysis specific 170 annotated genes (Pertea et al., 2016 Kawahara et al., 2013, 183 https://phytozome.jgi.doe.gov/) a HMM profile search was conducted (Krogh et al., 2001) . 184
The resulting list of proteins were scanned using Pfam (El-Gebali et al., 2019) . Only single 185 gene models of candidate genes with PTR2 domains were retained. The protein sequences 186 were used to generate a maximum-likelihood tree using the software RAxML (Stamatakis, 187 2014) . The exported tree file (.NWK) was then visualised using the R package "ggtree" (Yu 188 et al., 2017) and used for phylogenetic tree construction. The exported tree file (.NWK) was 189 visualised using the R package "ggtree" (Yu et al., 2017) . 190
Results

191
Root phenotypic variation in a wheat double haploid population 192
The phenotypic trait values for the parental lines, Savannah and Rialto, under two N regimes 193 are summarised in Table 2. Significant differences between the parents were observed in root 194 traits only with no significant shoot length or shoot area differences (p = ns). For the root 195 traits measured, differential responses to N treatment were also observed ( Fig. 1 a-c ( Fig. 1 a-c) . 204
Root QTL detection in the S×R DH population 205
A total of 55 QTLs were discovered for seedling root traits across both N treatments ( were found for root size and vigour. N-dependent QTLs were also found on chromosomes 6D 216 and 7D that co-localised with other N independent root size QTLs. 217
RNA-seq analysis 218
A seminal root QTL (RAE1001) was selected for RNA-sequencing analysis as it had the 219 smallest peak confidence region (25 cM) for an N-dependent QTL (Table 4) . As there was no 220 single clear enriched region from the QTL analyses for the trait, the whole chromosome was 221 considered for analysis. A total of 3299 differentially expressed genes were identified in the 222 analysed groups. 1857 differentially expressed genes showed significant (p < 0.05) up-223 regulation in Group A (with the QTL) compared to Group B (without QTL). Of these, 88 224 gene candidates resided on chromosome 2D. Additionally, MaSuRcA transcript assemblies 225 were considered that were identified as significantly (p < 0.05) up-regulated in Group A 226 compared Group B on chromosome 2D bringing the total to 93 (88 plus five) differentially 227 expressed candidate sequences (Table S2 ). The inclusion of these de novo assembled 228 transcript sequences in the analysis factors for varietal specific genes responsible for this 229 phenotype that are not present in the Chinese Spring based reference sequences. Of the 93 230 differentially expressed candidate sequences, 17 candidate genes were consistently expressed 231 across the Group A replicates verses zero reads mapping in one or more Group B replicates 232 and were therefore considered as our primary candidates (Table 4 ). There were also 1442 233 differentially expressed genes that showed significant (p < 0.05) down-regulation in Group A 234 (with the QTL) compared to Group B (without QTL). Of these, 65 were annotated as residing 235 on chromosome 2D (Table S2) . 236
Phylogenetic analysis 237
For the candidate N-dependent root angle QTL (RAE1001) an upregulated NPF family gene, 238 TraesCS2D02G348400 is situated in a monocot specific sub-clade within the NPF4 clade 244 (Fig. 3) . This clade includes A. thaliana NPF members AtNPF4.1, AtNPF4.2, AtNPF4.3, 245
AtNPF4.4, AtNPF4.5, AtNPF4.6 and AtNPF4.7. In addition, the candidate protein is closely 246 related to a rice nitrate(chlorate)/proton symporter protein LOC_Os04g41410. 247
Discussion
248
N-treatment dependent root QTLs 249
In this study, a total of 55 QTLs were discovered for seedling root traits across both N 250 treatments (LOD > 2.0) (Fig. 2, Table 3 ). Of these loci, nine root QTLs were only detected in 251 the low N treatment, 18 QTLs were found only in the high N treatment and 14 QTLs (28 252 total) were present in both N treatments. 253
254
In the literature, there are previously described QTL regions associated with architectural root 255 traits. On chromosome 1A QTL were found in this study for lateral root traits under low N 256 conditions. Interestingly chromosome 1A has been previously associated with lateral root 257 length in wheat and rice (Ren et al., 2012; Beyer et al., 2018 ). It appears that there are 258 underlying genes on chromosome 1A that could be related to plasticity, tolerance and/or 259 lateral root development (An et al., 2006; Landjeva et al., 2008; Ren et al., 2012; Guo et al., 260 2012; Zhang et al., 2013; Liu et al., 2013; Sun et al., 2013) . This region has also been 261 correlated to NUp in S×R field trials (Atkinson et al., 2015) which would make the 262 chromosome region an important candidate for further study. On chromosomes 2D, 3B and 263 4D, N-dependent root angle QTLs were identified in wheat grown in hydroponics. QTLs on 264 these chromosomes have been described in other studies but very few of these have measured 265 root angle or distribution traits. From comparison with other studies that found root QTLs on 266 chromosome 2D it appears there is an underlying gene for seminal root development and/or 267 plasticity (An et al., 2006; Zhang et al., 2013; Liu et al., 2013) . For chromosome 3B, other 268 studies have found QTLs affecting root size and stress related traits or genes relating to N 269 plasticity, uptake or mobilisation (An et al., 2006; Habash et al., 2007; Guo et al., 2012; 270 Zhang et al., 2013; Bai et al., 2013) . For chromosome 4D, comparing with other studies that 271 found QTLs on this chromosome there appears to be an underlying root development and/or 272 root plasticity gene (Zhang et al., 2013; Bai et al., 2013) . 273 274
RNA-sequencing of candidate root QTL 275
A low N-treatment dependent seminal root angle QTL (LOD 3.0) on chromosome 2D was 276 targeted for transcriptomic analysis. A total of 17 candidate upregulated genes were identified 277 that were upregulated in this region (Table 4) . A more detailed list of the genes identified are 278 given in Fig. S2 is situated in a monocot specific sub-clade within the NPF4 clade and is closely related to a 291 rice nitrate(chlorate)/proton symporter protein (LOC_Os04g41410) (Fig. 3) . Members of this 292 clade are known for transporting the plant hormone abscisic acid (ABA) (AtNPF4.1 and 293
AtNPF4.6) and have been demonstrated to have low affinity nitrate transport activity 294 (AtNPF4.6) (Huang et al., 1999; Kanno et al., 2012) . ABA is known to be a key regulator in 295 root hydrotropism, a process that senses and drives differential growth towards preferential 296 water potential gradients (Antoni et al., 2016; Takahashi et al., 2002) . Hydrotropism has been 297 demonstrated to be independent of the auxin induced gravitropism pathway and can compete 298 in root angle changes against gravity (Dietrich et al., 2018) . Based on the experiments 299 presented here, we propose that the enhanced ABA flux via the upregulated NPF4 gene could 300 be driving a low N-dependent shallow root angle change while competing with the 301 gravitropism pathway. As root angle is a determinant of root depth, pursuing this gene 302 function is important agronomically for improving foraging capacity and uptake of nitrate in 303 deep soil layers. 304
305
In summary, we found 55 root QTLs using a wheat seedling hydroponic system, 25 of which 306 were N-treatment dependent. Using transcriptome analyses we found an upregulated NPF 307 family gene likely transporting nitrate or ABA as part of a N-dependent response affecting 308 root angle. These findings provide a valuable genetic insight for root angle control, N-309 dependent responses and candidate genes for improvement of N capture in wheat. 310 
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